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Abstract 
This paper investigates the stormwater capture performance of a three bed, right-
of-way bioretention facility installed the Bronx, NY. The facility is unique in that it 
was designed as a treatment train with four inlets and one outlet, with three planted 
beds, connected in series at the surface. On-site, continuous monitoring was used as to 
develop a basic water balance model that, in combination with Darcy’s law, was then 
used to estimate the volumes of inflow, infiltration, and outflow from the system over 
the course of 21 precipitation events that occurred between May 2015 and October 
2015.  Cumulatively, over this monitoring period, the facility captured 907 m3 of inflow 
of which 79 m3 overflowed, retaining 92% of the runoff generated in its tributary areas. 
The mean percent tributary runoff retained per event was 94%. Total inlet efficiency 
varied from 134% to 666% based on the designed tributary area, and was found to be 
statistically related to the precipitation depth and intensity.  Isolation of the effect of 
the third and second beds suggests that the implementation of the treatment train 
significantly improved performance of the entire facility, providing a 16% reduction in 
overflow volume for the nine largest events.  
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1. Introduction 
As in many other U.S. metropolitan areas, stormwater runoff over much of New 
York City (NYC) is collected in a combined sewer system. During wet weather, the 
volume of runoff entering the combined sewer system often exceeds the conveyance 
capacity of the pipes and/or the treatment plant; excess combined sewage is discharged 
through over 450 combined sewer overflow (CSO) points directly into the surrounding 
waterways. CSOs adversely impact water quality, aquatic ecosystems, and reduce 
recreational usage of waterway (U.S. EPA, 2016). In 2010, the NYC Department of 
Environmental Protection (DEP) released its Green Infrastructure (GI) plan, which 
aims to manage, over 20 years, the first 25 mm (e.g. 1 inch) of rainfall falling on 10% 
of the impervious surfaces found in the combined sewer service area (Bloomberg, 
2010), using right-of-way (ROW) bioswales, bioretention areas, rain gardens, green 
roofs, permeable pavements, and other decentralized stormwater management 
strategies. The city experiences approximately 113.5 million cubic meters of CSOs 
annually during baseline conditions, but anticipates a reduction to about 68.2 million 
cubic meters per year by 2030 (NYC DEP, 2016) as a result of its GI plan.  
Among the most prominent NYC GI practices, Stormwater Capture Greenstreets 
(SCGS) are defined as “planted areas designed to collect and manage stormwater that 
runs off the streets and sidewalks…typically constructed in the roadway [that] are 
usually larger than ROW bioswales, and have varying lengths, widths and soil depths 
based on the characteristics of the existing roadway” DEP (2013). The Greenstreets 
Program began in 1996 as a partnership between the NYC Department of Parks and 
Recreation (DPR) and the NYC Department of Transportation (DOT) to beautify 
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unused impermeable street areas with vegetation (Kavanagh, 2008). Beginning in 
2010, DPR started designing these systems to also capture street runoff. As part of the 
city’s GI plan, SCGS are now commonly sighted in priority sewersheds, e.g. 
geographic sections of the city that were tributary to the most problematic CSOs 
(Bloomberg, 2010).  
This study focuses on the ability of a three bed SCGS to retain street runoff. Each 
of the three compartments offers opportunities for infiltration, and overflow is possible 
only from the third bed. Innovative treatment train GI systems have not been used 
extensively in NYC, but connective GI designs have been shown in other contexts to 
improve performance. A vegetated swale and two rain gardens on the Villanova 
University campus were utilized in series as pre-treatment to a down gradient 
infiltration trench, reducing by 53% the number of storms contributing flow to the 
infiltration trench (Lewellyn 2016). The average event-based capture performance of 
the composite facility was 95%, with only 4% overflow volume over a 2-year 
monitoring period; high storm intensities were found to be more likely to cause 
overflow. Anderson, Smolek, and Hunt (2015) compared the performance of a stand-
alone biofiltration unit to a treatment train system consisting of permeable pavement 
and a biofiltration unit. The combined system achieved a 92% overall volume 
reduction, as opposed to 76% volume reduction for the stand alone system. A 10m 
vegetated swale reduced the total suspended sediment load to an Australian permeable 
pavement system by 50-75%, prolonging its useful life (Kachchu Mohamed 2014). Jia 
et al. (2015) report the aggregate water quality improvement and runoff volume capture 
of  a treatment train system consisting of three vegetative swales, a bioretention cell, 
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and two infiltration pits that ultimately discharge into a constructed wetland, but did 
not separately analyze the contribution of each component of the system to reduce 
runoff quantity. These studies focus on the aggregate performance of various 
combinations of GI systems, but none investigate the implications of breaking up one 
GI system into smaller sub-components or exclusively focus on stormwater runoff 
volume reduction.  
This study utilizes post-construction monitoring data, Darcy’s law (Darcy 1856), 
and a water balance model to evaluate the hydrologic performance of a three bed SCGS 
with four inlets and one outlet. The water balance model was structured so as to be able 
to isolate the contribution of each part of the treatment train to the overall system 
performance, so as to inform design decisions related to hydraulic loading ratio, and 
other factors.  
 
2. Methods 
2.1. Site Description 
Built in the Spring of 2015 by DPR with funds from the National Fish and Wildlife 
Foundation, the Crotona Malls SCGS was uniquely designed as a three-bed treatment 
train system, with three curbcut inlets, an experimental inlet bypass capture system, 
and one outlet. The facility is located on Southern Boulevard/Crotona Parkway 
between East 178th Street and East Tremont Avenue, Bronx, NY 10460 (Figure 1). The 
total tributary drainage area to the inlets is 1,242.2 m2 (13,500 sq. ft) while the facility 
also receives runoff as overland flow from an additional 256.8 m2 (2,764 sq. ft), making 
the designed hydraulic loading ratio, the ratio of impervious tributary area to the total 
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bioretention surface area, 4.8 (Figure 2). Of the total tributary area, 650.2 m2 are 
associated with inflow through the SW inlet, 278.7 m2 for the SE inlet, and 325.2 m2 
for the NW inlet. 
 
 
 
 
Figure 3. Map of Location of the Crotona Parkway Malls 
 
Figure 4. Design drawing with catchment areas 
 
 
 
Each inlet is connected to a concrete channel pitched toward the SCGS at a 1% 
slope and is covered with a metal grate flush with the sidewalk surface. Tracom extra-
large 60-degree V-notch trapezoidal flumes are positioned at the discharge end of each 
channel inlet channel. Street runoff passing through the curbcut and flume next flows 
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into a small sedimentation basin that ultimately overflows into the planting beds 
(Figure 3). A trench drain, positioned in the street adjacent to the curb, immediately 
downstream of the southwest inlet channel, catches any water that bypassed the 
southwest inlet. The trench drain is attached to a 15.24 cm PCP pipe that runs 
underneath the sidewalk, discharging into the second bed through a thelmar weir, 
manufactured by Thel-mar, LLC.  
 
 
Figure 3. Design drawing of curb-cut channel and flume inlet 
 
 
 
The SCGS is separated into three interconnected beds hydraulically linked at the 
surface by concrete channels that pass underneath pedestrian pathways that traverse the 
site in an east-west orientation. Bed 1 is the highest elevated planted area and is located 
in the southern portion of the site, Bed 2 is the middle planted area, and Bed 3 is located 
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in the northern end of the site. Channel 1 conveys runoff from Bed 1 into Bed 2. 
Channel 2 conveys runoff from Bed 2 into Bed 3. Bed 1 receives inflow through the 
SW and SE inlets, while Bed 2 receives inflow from the NW inlet and the thelmar weir. 
Bed 3 does not receive direct inflow from the street, though it is at a lower topographic 
elevation, and thus can receive surface runoff from the other two beds when the depth 
of ponding exceeds the inverts of the channels that connect the beds. Bed 3 also 
contains the outlet of the facility back to the street, Channel 3. This system and the 
monitoring equipment is highlighted in Figure 5, below.  
Construction of the facility began by removing the impervious pavement, and 
excavated the existing soils to 1.5 m depth. Next the SCGS planting beds were 
constructed beginning with a 30.5 cm gravel layer, topped with 45.7-76.2 cm of 
engineered soil, finished off with 7.62 cm of mulch (Figure 4). The geotechnical 
investigation of the site revealed clay at a depth of 1.52 m below the asphalt surfaces, 
and solid rock at a depth of 4 m below the surface, a common geological feature in this 
section of the Bronx that significantly limits the suitability of many portions of the 
borough for GI. The site construction was completed and the Crotona Parkway Malls 
SCGS opened to the public April 13, 2015. 
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2.2. Description of Monitoring Equipment 
The monitoring data analyzed in this paper was collected between April 23, 2015 
and November 10, 2015. The monitoring system consists of pressure transducers (PTs) 
installed in the stilling wells of each of the three trapezoidal flumes, as well as 
upgradient to the thelmar weir. The monitoring system also includes one nested 
piezometer cluster in each bed. Each cluster features one piezometer with pressure 
transducer in the soil layer (“shallow”), one in the gravel layer (“middle”), and one in 
the sub-grade (“deep”). The piezometer clusters are surrounded by a concrete box that 
extends approximately 0.9m below the surface into the stone level, and upward 
approximately 15 cm above the soil surface to prevent water ponded on the surface 
from entering the top of the piezometer. Beds 1 and 2 also have a shallow well to 
measure the surface ponding. In total, there are fifteen Campbell Scientific PTs, which 
continuously record water levels in the flumes, weir, wells, and piezometers at 5 minute 
sampling intervals.  
A duplicate pair of tipping bucket rain gauges, one CR1000 Campbell Scientific 
data logger, a cell modem and antenna, and one 50W solar panel, charge converter, and 
Figure 4. Design drawing for cross sectional of vertical profile 
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battery to power the entire system are all installed on light post at the corner of 178th 
Street. The locations of all monitoring system components are highlighted in Figure 5. 
Data is transmitted in real time through the cellular service to a Drexel University 
server, where it is available to the research team through a data management software 
package called Vista Data Vision (Reykjavik, Iceland). The monitoring system was 
designed and installed by researchers at Drexel University; logger programming was 
completed by Adams Environmental Systems, Inc. 
 
 
 
 
 
 
 
2.3. Equipment Calibration 
PTs were calibrated by subjecting them to a known head in a bucket and recording 
the sensors readings. The calibration was performed after installation was completed 
Figure 5. Layout of monitoring equipment: Green = flume inlets, Blue = bypass trench/weir, Red = 
piezometer/well clusters, Purple = logger box/rain gauges 
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to account for any disturbances to the sensors due to winter exposure and during the 
construction process. A hydrant test on the SW inlet was used to verify the PT reading 
associated with the initiation of flow through the flume because the bottom of the 
stilling well is 6.35 cm below the flume throat elevation.  
 
2.4. Water Balance Model Development 
2.4.1. General formulation 
A water balance was developed to analytically represent the dynamic change in 
storage of water over the SCGS surface as a result of the various inflows and outflows 
to this control volume. A general representation of the water balance equation is shown 
in Equation 1.  
∆𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 𝐼𝑛𝑓𝑙𝑜𝑤𝑠 − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑠    [eq. 1] 
Inflows include direct precipitation on the beds and inflows through the flumes and 
bypass weir. Outflows include ponded water that exceeds the invert elevation of the 
outlet channel, and therefore flows to the next downstream bed and/or to the facility 
outlet, and downward infiltration into the beds. Evapotranspiration is not considered in 
this water balance equation because Equation 1 is evaluated for wet weather events 
only, and evapotranspiration is assumed negligible over this time period compared to 
the other fluxes considered (Jennings 2015). By evaluating the water balance over time 
intervals beginning with initiation flume inflow and ending either when surface 
ponding has reduced to zero, or when flume inflow ends (whichever occurs later) ∆𝑆 =
 0 for each wet weather event, and the net sum of all inflows must equal the net sum of 
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all outflows. However, this computation must be performed sequentially for each of 
the three beds in the treatment train, beginning with Bed 1.  
 
 
 
Figure 6. Schematic of water balance for three-part bioretention treatment train 
 
 
 
Figure 6 conceptually illustrates all the relevant fluxes. “V1”, “V2”, and “V3” 
represent the inflow volumes through the SW, SE, and NW flumes, respectively. The 
inflow volume through the thelmar weir is represented as “V4.” Direct precipitation to 
Bed 1, Bed 2, and Bed 3 is described by “P1”, “P2”, and “P3”, respectively. These 
elements are all continuously monitored in the field. Additionally, “V5”, “V6”, and 
“V7” represent the volumetric flow through Channels 1, 2 and 3, respectively. V5 
represents outflow from Bed 1 and is also an inflow to Bed 2. V6 is an outflow from 
Bed 2 and is also an inflow to the Bed 3. V7 is the outflow from the facility. “I1”, “I2, 
and “I3” represent infiltration in Bed 1, Bed 2, and Bed 3, respectively. The procedures 
used to compute each of these fluxes are described in detail below.  
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2.4.2. Quantification of direct precipitation volumes (P1, P2, P3) 
Because there were insignificant discrepancies between the two onsite rain gauges, 
data from “Rain Gauge 1” was arbitrarily selected for use in this analysis, and assumed 
to represent rainfall across all three beds. The continuous rainfall record was discretized 
into events using a four hour inter-event dry period. The cumulative rainfall depth, total 
duration, mean intensity, and peak intensity were tabulated for each rain event. Only 
events that exceeded 4 mm in depth were considered since smaller events produced 
undetectable inflow through the flumes. The total volume of direct precipitation to each 
bed for each event was determined by multiplying the cumulative rainfall depth by the 
bed area.  
 
2.4.3. Quantification of flume and weir inflow rates (V1, V2, V3,V4)  
The inflow volumes through each of the three V-notch flumes was determined 
using a stage-discharge relationship provided by the flume manufacturer. Inflow 
volumes were computed for all time intervals during which the stilling well water 
elevation exceeded the flume throat elevation. During 15 of the events, the stilling well 
water depth in certain flumes did not drop to the throat elevation even 0.25 hours (a 
typical excess rainfall release time for this type of urban catchment) after cessation of 
rainfall. In these instances, which appeared to occur at random and are assumed 
attributable to temporary blockage of the hole connecting the stilling basin to the main 
body of the flume, inflows were only computed for a maximum of two hours after the 
cessation of precipitation.   
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The manufacturer’s stage-discharge relationship was represented mathematically 
using Equation 2,  
𝑸𝒊𝒏 = 𝟏. 𝟏𝟓𝟖𝟖(𝑯𝒇𝒍𝒖𝒎𝒆
𝟐.𝟓𝟓𝟓𝟒)         [eq. 2] 
 
where Hflume is the calibrated 5-minute PT depth minus the 6.35 cm offset between the 
PT elevation and the flume throat, and Qin is the discharge associated with that depth 
in gallons per minute, per the stage-discharge relationship. To compute the inflow 
volumes for each event through each flume (V1, V2, and V3), Qin was multiplied by 5 
minutes and the appropriate unit conversions to obtain the volume of inflow for each 
five minute interval in cubic meters. The total inflow volume for each event is equal to 
the sum of all the inflow volumes for the entire inflow duration. 
Inflow through the thelmar weir, “V4,” was determined based on its stage-discharge 
relationship and the calibrated PT measurements. Inflow over the weir occurs when the 
water level reaches the invert of the apex of the v-knotch, a depth corresponding to 1.13 
cm over the bottom of the pipe, as illustrated in Figure 7. This height was subtracted 
from each PT depth to compute a volumetric discharge per the stage-discharge 
relationship, evaluated in a piecewise manner, as shown in Equations 3 and 4:  
for H < 30 mm, Q = 0.006H2 – 0.041H +0.098   [eq.3] 
for H > 30 mm, Q = 0.006H2 + 0.172H – 6.876   [eq. 4] 
 
where, H is the depth of water above the v-notch in mm, and Q is the discharge in 
gallons per minute, per the flume manufacturer. Each instantaneous flow rate was 
then multiplied by 5 minutes and the appropriate conversion factors to obtain cubic 
meters, summed up for all time steps during which there was flow over the v-knotch. 
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2.4.4. Quantification of total piezometric head for wells and piezometers 
The total piezometric head at each piezometer and well location was calculated by 
summing the elevation and pressure heads, per equation 5,  
ℎ = 𝑧 +               [eq. 5] 
where z is the fixed elevation [m] of the PT above a datum arbitrarily assigned to the 
elevation corresponding to the bottom of the deep piezometer, and  is the pressure 
head, as represented by the calibrated PT [m] within the well or piezometer, for all 
timesteps where  > 0.  
 
2.4.5. Quantification of infiltration volumes (I1, I2, I3), flow between beds (V5, 
V6), and outflow (V7) 
An iterative procedure was developed to compute the remaining infiltration and 
channel fluxes. This procedure was initiated by using the water balance equation to 
estimate the volume of inflow into Bed 1 for six events during which the maximum 
ponding depth in Bed 1 did not exceed the invert of Channel 1. Next, the well and 
piezometer data were used with Darcy’s law to estimate an effective vertical saturated 
Figure 7. Drawing of Thelmar weir 
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hydraulic conductivity (Ksat) of the SCGS cross section, (assumed uniform for all three 
beds). Again using Darcy’s law, this derived Ksat value was then used to compute 
infiltration volumes for other events using the respective surface ponding depth and 
piezometric head data, allowing the channel flows and facility outflow to be computed 
for those events by difference. These individual steps involved in this process are 
described in greater detail below.  
The first step was to use the general water balance formulation to estimate the 
infiltration volume that occurred in Bed 1 for only those events with ponding depths 
that did not exceed the invert of the channel connecting Bed 1 to Bed 2. A total of six 
monitored events met this criteria. Under these conditions, Equation 1 can be simplified 
as follows: 
∆S1 = 0 = V1 + V2 + P1 – I1           [eq. 6] 
where the V1, V2 and P1 are quantified per the procedures outlined above, and I1 is 
the only unknown, and can be computed directly from Equation 6.    
Next, the total volume of infiltration for each of these six events is converted into 
an area-averaged downward infiltration rate, also known as the Darcy velocity, using 
Equation 7: 
𝑞 =
𝐼1
𝑡∗𝐴1
           [eq. 7] 
where q is the area-averaged downward infiltration rate [m/min], I1 is the infiltration 
volume for Bed 1 [m3], t is the inflow duration [min], and A1 is the surface area of Bed 
1 [m2]. Assuming uniform soil conditions, Darcy’s law can then be applied to determine 
the saturated hydraulic conductivity, Ksat in millimeters per hour, whereby   
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𝑞 =  𝐾𝑠𝑎𝑡((ℎ2 − ℎ1)/𝐿)    [eq. 8] 
ℎ1 = 𝑧1 + 1              [eq. 9] 
ℎ2 = 𝑧2 + 2             [eq. 10] 
𝑧1 = 0 𝑚𝑒𝑡𝑒𝑟𝑠 
𝑞 =  𝐾𝑠𝑎𝑡((𝑧2 + 2 − 1)/𝐿)   [eq. 11] 
 
in which q is the infiltration rate at the soil surface per Equation 7; L is the depth of the 
soil column; h1 and h2 represent the total piezometric heads of the shallow well 
(Equation 9) and deep piezometers (Equation 10), respectively; and Ksat the saturated 
hydraulic conductivity of the SCGS cross section, is the only unknown (Figure 8). 
 
 
 
 
 
 
Figure 8. Vertical profile and Darcy’s law schematic for Bed 1 
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The total piezometric head values are calculated on an event basis by taking an 
average of the head in the shallow well (h2) and deep piezometer (h1) for time periods 
(called gradient periods) over which a vertical head gradient is manifest between these 
two points. Only time periods during which there is continuous (e.g. containing no less 
than a one hour time gap) positive head values at both positions were considered. This 
procedure effectively ignores head gradients that develop in the upper soil during the 
beginning of inflow (when there is ponding but no pressure observed in the deep 
piezometer) and that persist in the lower soil at the end of the event (when surface 
ponding has ceased but a pressure head is still observed in the deep piezometer). Within 
individual wet weather events, there sometimes existed multiple gradient periods when 
surface ponding subsided for more than one hour. For example, event 52 has four 
separate gradient periods (Figure 9). The start of each gradient period is shown with 
the green dotted lines, and the end is shown with the red dashed lines. 
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Figure 9. Graph of established gradient for the South Piezometer Cluster, Event 52 
 
 
 
The hydraulic conductivity values were calculated for each gradient period of each 
event and the average of the resulting Ksat values was then used for calculations of 
infiltration volumes in Bed 1. The procedure was repeated for observed gradient 
periods during nine events producing flow to Bed 3. The procedure for Bed 3 required 
a slight modification to the procedure since there was no shallow well in that location. 
The downward infiltration rates and infiltration volumes were instead computed 
considering the head difference between the shallow and deep piezometers, as depicted 
in Figure 10, below. Equipment malfunctioning precluded use of this procedure in Bed 
2. I2 was instead estimated using the average downward infiltration rate from Beds 1 
and 3. 
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Figure 10. Vertical profile and Darcy’s law schematic for Bed 3 
 
 
 
Once I1, I2, I3, V5, and V6 were computed, these values were combined with V1, 
V2, V3, and V4 in the water balance equation to determine V7, the outflow of the 
facility.  
 
2.5. Performance Metrics 
To evaluate the performance of this SCGS, two metrics are defined, the 
Performance Efficiency (PE) and the Percent Retained (PR). The PE is the fraction of 
tributary runoff actually captured in the facility, and is computed per Equation 12. 
𝑷𝑬 [%] = (
𝑽𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅
𝑽𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅
)  × 𝟏𝟎𝟎    [eq. 12] 
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where Vobserved, the volume of observed inflow [m
3], is computed from the PT 
recordings for each flume and Vexpected, the expected inflow volume [m
3], is computed 
using the SCS Curve Number Method. First, the expected depth of runoff, Qrunoff, (in 
inches) for the tributary catchment areas for each inlet is computed per Equation 13 
and 14 with CN =98, and P equal to the event precipitation in inches. 
𝑄𝑟𝑢𝑛𝑜𝑓𝑓 = (𝑃 − 0.2 𝑆)
2/(𝑃 + 0.8 𝑆)   [eq. 13] 
𝑆 = (
1000
𝐶𝑁
) − 10     [eq. 14] 
 
This value is then multiplied by the tributary catchment area and converted to cubic 
meters to obtain Vexpected.  
A PE equal to 100% indicates the inlet and/or facility receives all the runoff 
generated within the designed tributary catchment area. When PE < 100% some of the 
tributary runoff is assumed to bypass the inlet/facility. If the PE > 100%, the inlet/site 
is receiving runoff from additional areas not originally assumed to be part of the 
tributary area, for example if the tributary area was incorrectly delineated or if there is 
bypass from catchbasins located upgradient to the tributary area.  
The PE was calculated for each of the three flumes individually, the three flumes 
combined, and the three flumes plus the inflow through the bypass weir. The 
observed volumes for each of these PE scenarios is described in Table 1 below:  
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Table 1. Observed Volume descriptions for each PE Scenario 
Scenario Vobserved = 
PE - SW Flume V1 
PE - SE Flume V2 
PE - NW Flume V3 
PE - Site 
V1 + V2 + 
V3 
PE - Site and 
Bypass 
V1 + V2 + 
V3 + V4 
 
 
 
The PR describes the percentage of total inflow that is successfully infiltrated by 
the SCGS, and is defined as follows: 
𝑃𝑅[%] =
𝑉𝑅
𝑇𝑜𝑡𝑎𝑙_𝐼𝑛𝑓𝑙𝑜𝑤
× 100    [eq. 16] 
𝑉𝑅 = 𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 + 𝑃1 + 𝑃2 + 𝑃3 − 𝑉7   [eq. 17] 
where the volume retained, VR, is the total inflow volume minus the outflow volume 
through Channel 3. The percent retained was subsequently calculated for three different 
scenarios resulting from the water balance model application, discussed below. 
 
2.6. Model Application 
The water balance model was then used to determine how the treatment train system 
effects the performance of the SCGS facility. In this SCGS Bed 3 receives no inflow 
directly from the street and was only added to enhance the retention capacity of the site. 
If this 54.8m2 portion of the site was removed, the designed HLR would increase from 
4.8 to 6.15 (1,242 m2 of designed tributary area draining to 202 m2 of bioretention area). 
The schematic of the adjusted treatment train design is shown below in Figure 11. 
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Figure 11. Schematic of water balance for two-part bioretention treatment train 
 
 
 
In this case, any volume of flow through Channel 2, “V6”, would represent outflow 
from the facility. The new event-based water balance for would be calculated using 
Equation 18, as follows: 
∆S = 0 = V1 + V2 + V3 + V4 + P1 + P2 – I1 – I2 – V6   [eq. 18] 
For the nine events that triggered a hydrologic response in Bed 3, P3, I3 and V7 
(from Bed 3) were no longer computed, and the new PR was determined using Equation 
16, redefining VR, as the total inflow volume minus the outflow volume through 
Channel 2, as shown in Equation 19:  
𝑉𝑅 = 𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 + 𝑃1 + 𝑃2 − 𝑉6   [eq. 19] 
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Similarly, if Bed 2 were also removed, the designed HLR would increase from 4.8 
to 9.4 (929 m2 of designed tributary area draining to 99 m2 of bioretention area). In this 
case, any volume of flow through Channel 1, “V5”, would represent outflow from the 
facility. The new event water balance would be calculated using Equation 20, as 
follows: 
∆S = 0 = V1 + V2 + P1– I1 – V5   [eq. 20] 
and P2, P3, I2, I3, V3, V4, V6 and V7  (from Beds 2 and 3) were no longer relevant. 
The new PR was determined using Equation 16, redefining VR as the total inflow 
volume minus the outflow volume through Channel 1, as follows:  
𝑉𝑅 = 𝑉1 + 𝑉2 + 𝑃1 − 𝑉5     [eq. 21] 
It is important to note that in this scenario the PE also changes because removing Bed 
2 excludes V3 and V4, thus changing the total amount of runoff captured by the facility.  
 
3. Results  
Over the 2015 monitoring season, a total of 52 precipitation events occurred, 21 of 
which exceeded the 4 mm event threshold used in the analysis (Table 2).  These include 
events with a variety of precipitation depth, average intensity, and peak intensity, ideal 
for investigating facility performance under a range of precipitation conditions. 
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Table 2. Precipitation events and characteristics for events >4mm 
Event 
# Start Timestamp Stop Timestamp 
Durati
on (h) 
Total 
Precip 
(mm) 
Average 
Intensity 
(mm/h) 
Peak 
Intensity 
(mm/h) 
13 5/31/2015 15:35 6/1/2015 10:30 19.00 54.10 2.85 45.72 
14 6/1/2015 18:35 6/2/2015 8:25 13.92 5.59 0.40 6.10 
15 6/2/2015 13:35 6/2/2015 20:55 7.42 5.33 0.72 6.10 
21 6/14/2015 21:30 6/15/2015 4:25 7.00 21.08 3.01 51.82 
23 6/16/2015 13:15 6/16/2015 16:35 3.42 16.76 4.91 45.72 
27 6/21/2015 0:35 6/21/2015 5:35 5.08 9.65 1.90 15.24 
31 6/27/2015 15:00 6/28/2015 5:30 14.58 36.32 2.49 9.14 
33 7/1/2015 3:35 7/1/2015 4:00 0.50 11.94 23.88 88.39 
36 7/9/2015 19:35 7/9/2015 22:05 2.58 7.87 3.05 9.14 
38 7/14/2015 12:10 7/14/2015 13:55 1.83 29.97 16.35 21.34 
39 7/18/2015 7:05 7/18/2015 8:05 1.08 8.13 7.51 27.43 
40 7/27/2015 2:15 7/27/2015 4:00 1.83 5.84 3.19 24.38 
41 7/30/2015 8:10 7/30/2015 16:00 8.92 40.89 4.59 85.34 
42 8/4/2015 2:50 8/4/2015 3:25 0.67 7.11 10.66 48.77 
43 8/11/2015 3:30 8/11/2015 9:50 6.42 26.16 4.08 24.38 
46 8/21/2015 0:40 8/21/2015 3:40 3.08 8.64 2.80 18.29 
47 9/10/2015 0:30 9/10/2015 8:50 8.42 24.89 2.96 33.53 
48 9/10/2015 14:15 9/10/2015 22:35 8.42 31.75 3.77 33.53 
49 9/12/2015 17:30 9/12/2015 23:35 6.17 5.33 0.86 15.24 
50 9/29/2015 21:35 9/30/2015 6:40 9.17 28.96 3.16 76.20 
52 10/2/2015 3:45 10/3/2015 3:25 23.75 30.73 1.29 6.10 
 
 
 
3.1. Monitoring Results 
3.1.1. Overview of Observations 
The total volume of inflow for each event, as measured at each flume, and over the 
thelmar weir is shown in Table 3. Time series charts depicting the cumulative inflow 
through all inlets and the response of all wells and piezometers to each of the 21 
analyzed precipitation events were created to inform the analysis. Events 41 and 43 
represented in Figure 12 and 13, respectively, are shown as they are representative of 
many of the other observed events. The PT in the middle piezometers of Beds 1 and 2, 
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as well as the PT in the deep piezometer in Bed 2 did not function properly, and are 
therefore left out of these figures.  
Inflows correspond time-wise to precipitation, though the volumes passing through 
different inlets vary, and not necessarily always in proportion to the inlet HLR. The 
NW flume allows in more flow than the southwest flume in response to event 41, but 
the opposite is true for event 43.  Inflow through the thelmar weir (e.g. bypass of the 
SW flume) was observed for most events, as described below. Inside the beds, 
piezometric head gradients, when they develop, are generally on the same order of 
magnitude from event to event and over time during the entire gradient period. Inflows 
are distributed throughout the three beds as expected. As runoff enters from the street 
or as direct precipitation, the surface ponding and piezometers show fluctuation 
commencing in Bed 1, highest elevation bed, continuing downgradient to Beds 2 and 
3. 
3.1.2. Inflow Volumes 
Although the SW flume has the largest tributary area and the SE flume has the 
smallest tributary area, the observations indicate that the largest and smallest inflow 
volumes vary between the three flumes for each event. During most events, inflow was 
detected over the thelmar weir, indicating bypass of the SW flume. No bypass 
measurement was performed at the other inlets, but bypass is likely since all three inlets 
have the same hydraulic configuration. Overall, the thelmar weir directed 55.68 m3 of 
inflow over the 21 analyzed events that would otherwise have not entered the facility. 
The bypass weir enhances the inflow volume by between 0% and 21.8% per event, 
with an average of 8.1% additional inflow per event.  
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Table 3. Event-based inflow volume for each inlet and total 
    Inflow Volume 
Event 
ID Precipitation SW Flume SE Flume NW Flume Weir Total 
  [mm] [m3] [m3] [m3] [m3] [m3] 
13 54.10 34.23 33.36 19.91 6.78 94.28 
14 5.59 4.14 7.97 3.43 2.24 17.78 
15 5.33 3.40 6.43 2.92 1.62 14.36 
21 21.08 13.92 16.14 14.51 1.09 45.67 
23 16.76 11.02 7.46 8.91 1.74 29.13 
27 9.65 6.89 5.37 7.38 0.18 19.84 
31 36.32 24.04 24.79 30.43 0.02 79.27 
33 11.94 5.01 2.58 5.43 1.79 14.81 
36 7.87 6.27 2.70 6.47 0.00 15.45 
38 29.97 14.39 4.61 14.84 7.43 41.27 
39 8.13 4.89 3.36 4.76 0.66 13.66 
40 5.84 3.43 1.37 3.49 1.80 10.09 
41 40.89 21.31 4.22 61.53 8.60 95.65 
42 7.11 2.85 1.81 3.24 2.20 10.11 
43 26.16 13.84 7.65 12.79 0.85 35.14 
46 8.64 5.93 5.12 4.54 0.18 15.77 
47 24.89 15.35 14.01 12.46 3.53 45.34 
48 31.75 20.12 15.15 15.30 3.58 54.15 
49 5.33 3.82 5.36 3.22 0.99 13.39 
50 28.96 20.50 7.53 13.75 10.41 52.19 
52 30.73 39.61 20.26 22.60 0.00 82.47 
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Figure 12. Inflow & Response graph for Event 41; from 
top to bottom: piezometers and shallow well response in 
bed 1, shallow well response in bed 2, piezometers 
response in bed 3, cumulative inflow volume for direct 
precipitation and each inlet 
Figure 13. Inflow & Response graph for Event 43; from top 
to bottom: piezometers and shallow well response in bed 1, 
shallow well response in bed 2, piezometers response in 
bed 3, cumulative inflow volume for direct precipitation 
and each inlet 
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3.1.3. Bed 1 Response 
To more comprehensively describe how water moves through the system, an 
overview of the observations made in each bed is provided. Within the treatment train, 
the first detected hydraulic response occurs in Bed 1, shown in the top portion of the 
Figures 12 and 13. This hydraulic response in Bed 1 is often detected one 5-minute 
time step prior to the response in the down gradient beds is detected. In all analyzed 
events, except for Events 15 and 49, the Bed 1 shallow well showed ponding in 
response to precipitation. However, within individual storms, ponding in Bed 1 was 
sporadic, and seemingly in proportion to storm intensity. In all cases, surface ponding 
in Bed 1 subsided before the end of the precipitation event, never exceeded 0.1 m over 
the soil surface, but did in some instances exceed the invert elevation of Channel 1 
(17.6m), indicating flow to Bed 2.  
A response in the Bed 1 shallow piezometer was observed for events 23, 38, 41, 47, 
48 and 50. This response occurs during the peak of surface ponding, indicating that the 
upper soils column becomes saturated as the wetting front is moving downward. 
In all analyzed events, except for event 49, there was also response in the Bed 1 
deep piezometer indicating that the water infiltrated to the very bottom of the SCGS, 
and a perched water table developed there as it exfiltrated from the SCGS. The 
hydraulic head in the deep piezometer rises and falls throughout each storm, but does 
not reach the surface ponding elevation, indicating both that infiltrating water was 
always moving downward, and that the entire soil column did not become fully 
saturated.  
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3.1.4. Bed 2 Response 
For approximately half of the events (#s 13, 21, 23, 33, 38, 41, 42, 43, 47, 48 and 
50) a hydraulic response was detected in Bed 2, as shown in the second quadrant of 
Figured 12 and 13. However, and as mentioned above, only PT positioned in the 
shallow well of Bed 2 was functional. This less frequent hydraulic response in Bed 2 
was expected, since it receives less inflow than Bed 1. As in Bed 1, surface ponding 
seems to occur in proportion to storm intensity, and in all cases, surface ponding 
subsides before the end of the event. Ponding never exceeds 0.1 m above the soil 
surface, and in some instances exceeds the invert elevation of Channel 2 (17.4m).  
3.1.5. Bed 3 Response 
There were nine events (#s 13, 21, 23, 33, 38, 41, 43, 48, and 50) that instigated a 
hydraulic response in the Bed 3, as shown in the third quadrant of Figures 12 and 13. 
A hydraulic response was noted in all of the piezometers. As shown in Figures 12 and 
13, in many instances the piezometric head in the deep piezometer reached the 
elevation of the middle piezometer, which then responded identically. This observation 
suggests that an ephemeral, perched water table develops in Bed 3 and extends up into 
the gravel layer.   Though the shallow piezometer also shows a response, the total head 
at that location is consistently higher, indicating downward movement of a wetting 
front that forms in the upper soils but that does not saturate the entire soil column. 
Because there was no shallow well in Bed 3, precise ponding depths cannot be reported. 
However, the total piezometric head observed in the shallow well during events 23, 33, 
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38, and 41 either reaches or exceeds the invert elevation of Channel 3 (17.3m), 
indicating that outflow was likely occurring during these events.  
 
3.2. Modeling Results 
Because they were the only events during which the ponding depth in Bed 1 was 
insufficient to generate flow through Channel 1, events 27, 31, 36, 40, 46 and 52 were 
used to calculate the saturated hydraulic conductivity. A total of nine saturated 
hydraulic conductivity values ranging from 20.301 mm/h to 35.013 mm/h with a mean 
value of 26.188 mm/h were computed from the various gradient periods observed 
(Table 4). All of the Ksat values were of the same order of magnitude, and 78% of the 
values fell within one, and all were within two, standard deviations of the mean. The 
mean value, 26.188 mm/h was assumed the Ksat for all three beds, since they were all 
constructed of the same materials and cross section.  
 
 
 
Table 4. Calculated Ksat values for each event and average 
 
 
 
 
 
 
 
Event 
ID Ksat (mm/h) 
27 20.301 
31 35.013 
36 23.997 
40 25.256 
46 26.335 
52 26.403 
52 26.561 
52 26.035 
52 25.789 
Mean: 26.188 
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With this estimate of Ksat, the water balance could be performed for all of the 21 
analyzed events. Inflow from twelve of the events were completely retained in Beds 1 
and 2 and therefore completely retained by the SCGS. Of the nine events during which 
a piezometric head gradient was observed in Bed 3, the water balance suggests that 
overflows occurred during only three (#s 33, 38, and 41), with detailed results presented 
in Table 5. During the other six events, the Bed 3 ponding depth was below the invert 
of Channel 3, indicating that all of the ponded water was infiltrated. Overall the site 
captured 906.92 m3 of inflow over the 21 events, and only 79.37 m3 overflowed. 
 
 
 
Table 5. Total inflow and outflow values for events with system overflow 
 Event 
ID 
Total 
inflow 
Total 
outflow 
 [m3] [m3] 
33 17.87 5.23 
38 48.97 31.20 
41 106.15 42.94 
 
 
 
 
3.3. Performance Efficiency and Percent Retained 
The performance efficiency results are presented in Table 6, below. The 
performance efficiency of the entire site (considering inflow only through the three 
inlets) was greater than 100% for all events. These results indicate that despite the 
observed and inferred inlet bypass, the combined inflow through all inlets always 
exceeded that expected from the total tributary area delineated on the design drawings. 
During only two of the events (#38 and #41) were PE values less than 100% computed 
for any individual inlet. These two events include those with the highest observed 
average intensity and peak intensity, respectively. When flow into the site through the 
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thelmar weir is included in the inflow calculations, the site PE is enhanced further for 
all events, except #s 31, 36 and 52 during which there was no observed bypass (and 
therefore no change in PE).  All events were thus entirely retained in the SCGS with 
the exception of events 33, 38 and 41 for which 70.7%, 36.3%, and 59.5% of the runoff 
generated in the designed tributary drainage area was retained, respectively. During 
two of these events the performance efficiency of the SW and SE flumes were less than 
100%, indicating some inlet bypass. These events also had high precipitation amounts, 
average intensities, and peak intensities compared to other events in the monitoring 
campaign.  
 
Table 6. PE for each inlet and overall PE for each event 
  
PE SW 
Flume 
PE SE 
Flume 
PE NW 
Flume Site PE 
Flume + 
Bypass 
PE 
Event 
ID [%] [%] [%] [%] [%] 
13 108.9% 247.6% 126.7% 144.3% 155.5% 
14 299.3% 1343.2% 495.5% 582.2% 666.1% 
15 268.1% 1184.2% 460.6% 521.6% 587.9% 
21 134.4% 363.6% 280.3% 223.1% 228.6% 
23 143.2% 226.4% 231.7% 184.6% 196.4% 
27 197.1% 358.3% 422.2% 291.3% 294.0% 
31 120.1% 289.1% 304.2% 205.4% 205.4% 
33 104.2% 125.4% 226.1% 140.5% 159.8% 
36 248.0% 249.2% 511.9% 316.7% 316.7% 
38 90.2% 67.5% 186.0% 110.0% 134.1% 
39 183.4% 294.1% 357.3% 253.1% 265.9% 
40 228.4% 213.4% 464.2% 286.2% 348.1% 
41 92.9% 43.0% 536.5% 196.8% 216.2% 
42 133.9% 198.1% 304.4% 192.4% 246.0% 
43 102.2% 131.7% 188.9% 131.2% 134.5% 
46 202.0% 406.6% 308.9% 275.2% 278.4% 
47 120.4% 256.5% 195.5% 170.1% 184.5% 
48 117.7% 206.8% 179.1% 153.4% 164.3% 
49 301.6% 986.8% 509.0% 507.6% 548.0% 
50 133.9% 114.7% 179.6% 141.5% 176.7% 
52 240.9% 287.6% 274.9% 260.1% 260.1% 
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Figures 14 and 15 depict variability in PE with total precipitation and peak hourly 
intensity, respectively, over all events. The whiskers represent one standard deviation 
from the mean considering all PE values in each interval of precipitation depth and 
intensity shown. The mean PE varied from 395±160% for events with total 
precipitation < 11mm to 192±32% for events with total precipitation > 33mm. The 
mean PE varied from 411±184% for events with peak intensity < 18mm/h to 184±29% 
for events with peak intensity > 54mm/h. These results suggest that events with greater 
total precipitation and greater intensity have lower performance efficiencies, and 
therefore may have greater bypass, an observation also made at another SCGS installed 
in Queens, NY (Catalano de Sousa 2015).  
 
 
 
  
Figure 14. Mean PE (± 1 standard deviation) for ranges of total precipitation in mm 
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Figure 15. Mean PE (± 1 standard deviation) for ranges of peak-hourly intensity ranges in mm/h 
 
 
 
3.4. Isolation of Beds 1, 2, and 3 
The water balance model was next used to estimate how the overall performance 
of the facility would change if first Bed 3, and subsequently also Bed 2, were not 
included in the design. If there were no third bed, any flow through Channel 2 would 
become system overflow. If there were no second bed, all flow through Channel 1 
would become overflow. The nine events with a response in all three beds (#s 13, 21, 
23, 33, 38, 41, 43, 48 and 50) were also evaluated for their performance metrics if the 
treatment train did not include Bed 3, and Beds 2 and 3. As expected, the results suggest 
that the site would have overflowed more often, with greater overflow volumes, 
without the second two beds, as shown in Figure 16.  
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Figure 16. PR for 3-part treatment train, 2-part treatment train, and single bed SCGS 
 
 
 
Regarding the percent of each storm retained, in general, the smaller the bed area, the 
lower the PR, with two exceptions: event 38 and event 41. These exceptions can be 
explained by considering that removing Bed 3 does not change the tributary drainage area 
or the PE since all inflows are to Beds 1 and 2. However, removal of Beds 2 and 3 lowers 
the PE since inflows through the NW flume and thelmar weir to Bed 2 can no longer be 
considered in the analysis. The adjusted event PE values considering only Bed 1 and its 
inflows are presented in Table 7. While the PE values for each individual flume remain the 
same, the total PE of the SCGS is lower. During events 38 and 41, the PE is less than 100%, 
but the PR increases due to the reduced inflow. 
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Table 7. PE adjusted for single bed treatment (Bed 1) 
  
PE SW 
Flume 
PE SE 
Flume 
Adjusted 
Site PE 
(Bed 1) 
Event 
ID [%] [%] [%] 
13 108.9% 247.6% 150.5% 
14 299.3% 1343.2% 612.5% 
15 268.1% 1184.2% 542.9% 
21 134.4% 363.6% 203.2% 
23 143.2% 226.4% 168.2% 
27 197.1% 358.3% 245.5% 
31 120.1% 289.1% 170.8% 
33 104.2% 125.4% 110.5% 
36 248.0% 249.2% 248.4% 
38 90.2% 67.5% 83.4% 
39 183.4% 294.1% 216.6% 
40 228.4% 213.4% 223.9% 
41 92.9% 43.0% 77.9% 
42 133.9% 198.1% 153.2% 
43 102.2% 131.7% 111.1% 
46 202.0% 406.6% 263.4% 
47 120.4% 256.5% 161.3% 
48 117.7% 206.8% 144.4% 
49 301.6% 986.8% 507.2% 
50 133.9% 114.7% 128.1% 
52 240.9% 287.6% 254.9% 
  
 
 
 
4. Discussion 
4.1. Site Performance 
The SCGS analyzed in this report captures water and responds during precipitation 
events as expected, however there is no monitoring equipment to quantify the outflow 
from the site. Instead, this information was calculated by creating a simple water 
balance model and using Darcy’s law to find the average saturated hydraulic 
conductivity (Ksat = 26.188 mm/h) for this bioretention facility. The total mass balance 
for all the major fluxes into and out of the SCGS (e.g. precipitation, infiltration, inflow, 
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and outflow volumes) were then determined on an event basis using this Ksat value and 
field measurements. The modeling results confirm whether the site achieved total 
runoff volume reduction during each event, and the quantity of outflow in instances 
when the system overflowed. 
In the 21 precipitation events exceeding 4 mm the site captured 907 m3 of inflow, 
and only 79 m3, or 8% of the total captured volume, overflowed. On an event basis, the 
mean percent tributary runoff retained was 94%, suggesting that the infiltration 
capacity of the SCGS continuously meets the volume reduction design goal (to capture 
the first 25 mm or runoff over the designed catchment area) and usually exceeded this 
goal. This SCGS facility performed exceptionally well, despite the preliminary site 
characterization studies, which revealed clay soils only 1.52 m below the surface, solid 
rock at 4 m below the surface and a permeability coefficient of 0.24 mm/h for the in 
situ soils prior to installation.  
In most precipitation events, the site successfully managed the total inflow volume 
in the first and second beds. There were nine events in which the surface water 
overflowed into the third bed. Of those events, the water balance model identified three 
events when the system overflowed, with a PR <100%. This excess water was released 
back into the street and available to enter the combined sewer. The events with 
observed overflow (#s 33, 38 and 41) are characterized by the highest observed 
intensities; events 33 and 41 have peak-hourly intensities exceeding 80 mm/h and 
events 33 and 38 have average-storm intensities exceeding 16 mm/h. There is also a 
correlation between PE and precipitation amount and intensity. While the total inlet 
efficiency varied from 134% to 666%, rain events with higher precipitation amounts 
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and intensities experienced lower performance efficiencies. Together, these observed 
trends for PR and PE suggest that precipitation characteristics are likely the key 
parameters determining the performance of the SCGS. However, the water balance 
model is unable to predict the threshold intensities and precipitation amounts that cause 
the SCGS to overflow without further investigation. This is due to limitations regarding 
the designed catchment area, discussed below. 
The implementation of a three-bed treatment train provides additional bioretention 
surface area with the capability to capture and manage more street runoff than a smaller 
single-bed system. Considering the designed catchment area for all four inlets, the 
treatment train has a designed HLR of 4.8. The HLR would increase to 6.15 and 9.4 if 
the third and second bed had been eliminated from the SCGS design, respectively. The 
third bed of the treatment train system does not receive any direct inflow from the street 
and only enhances the infiltration capabilities of the site, and the second bed directly 
captures street runoff and enhances the infiltration capabilities of the site. Based on the 
hydrologic modeling, the site retains the largest percentage of inflow volume for the 
designed HLR 4.8, indicating that the additional pervious surface in this treatment train 
system is beneficial in increasing the performance of the site. Isolating the effect of the 
third and second beds revealed lower PR values for smaller receiving areas. Beds 2 and 
3 provided a 16% reduction in overflow volume for the nine analyzed events in 
comparison to the overflow volume if the GI facility only included Bed 1. The larger 
three-bed system is effective in reducing the runoff volume that would otherwise enter 
the combined sewer system. 
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Additionally, the total site PE was greater than 100% for all 21 events. As presented 
in the results section above, there were 2 events in which the PE for the southern flumes 
were less than 100%, (#38 and #41), which further supports the finding that site 
performance is greatly influenced by precipitation intensity. Overall, the site performed 
very well and the trench drain, located immediate downgradient of the SW flume, was 
effective in catching additional runoff that may have otherwise bypassed the site. This 
observation suggests that the trench drain and bypass pipe is a useful component in the 
site’s design. This design element, or a similar bypass capture system, could be utilized 
in future GI projects to enhance the site performance efficiency. 
 
4.2. Recommended additional work 
While the SCGS performed well and modeling suggests that there was no overflow 
during most storms, direct measurement of outflow and/or installation of a shallow well 
in Bed 3 is recommended for future analyses. Replacement of the malfunctioning PTs 
in Bed 2 is also recommended as that would enable direct measurement, and not 
estimation, of infiltration volumes from Bed 2. If installed at different depths, soil 
moisture sensors could help to corroborate the estimates of infiltration rates obtained 
from Darcy’s Law and the nested piezometer measurements. Further investigations 
would also investigate whether lateral exfiltration and/or inter-bed flow rates, assumed 
negligible, were actually significant.  
Additional field work would also attempt to better delineate the tributary catchment 
areas associated with each inlet, and document flow conditions around all upgradient 
catchbasins. The work presented here suggests that the site PE was greater than 100% 
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for all storms, suggesting that the tributary catchment areas were underestimated during 
the design.  
Additionally, after cessation of rainfall, the duration of inflow through the flumes 
appeared to significantly exceed the excess rainfall release time is expected for small, 
urban catchments. This spurious observation may have been due to obstruction of the 
hole connecting the stilling basin to the main body of the flume, holding water in the 
still basin when flow through the flume had actually subsided. Such problems can be 
minimized if the inlets, flumes, channels, and other features are more regularly 
maintained.  
 
5. Conclusion 
This SCGS is effective in capturing and managing the volume of water that it was 
designed for, and in most cases captures and manages volumes that exceed the expected 
design performance. These performance results are consistent with findings from other 
bioretention facilities and suggest that PE and PR correlate to total precipitation 
amounts and storm intensities (Catalano de Sousa 2015). Isolating the contribution of 
each part of the treatment train revealed a significant runoff volume reduction as a 
result of including the second and third bed in the design, effectively decreasing the 
designed HLR from 9.4 to 4.8.  Based on these results it is recommended to minimize 
the ratio of designed tributary area to receiving bioretention area and utilize a treatment 
train system when feasible. However, even at varying hydraulic loading ratios it can be 
inferred that the right-of-way biorentention facility will likely capture and manage a 
sufficient volume of street runoff. 
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Additionally, this SCGS was constructed in an area of clay soils, however it 
manages to be a high performing facility. The mulch, soil, and gravel media in the 
vertical profile provide substantial void space to promote infiltration despite the 
contradictory implications from the initial soil testing. This implies that the siting of GI 
facilities should not definitively be constrained by preliminary geotechnical analysis 
and soil testing. GI siting based on preliminary analyses could also be complimented 
by performing soil tests after excavation or field test that take into consideration the fill 
materials.  
The on-site monitoring is essential in calculating the performance metrics and will 
continue to provide useful data to determine the GI performance over multiple growing 
seasons. With monitoring at various GI facilities, PE and PR can provide insight to 
whether each GI performs as designed and if adjusting the designed inlets or HLR could 
improve the bioretention efficiency. These performance metrics can also provide 
insight into the amount of bypass that occurs at each inlet. At this SCGS, the trench 
drain was effective in conveying bypass into the facility suggesting it is a beneficial 
design feature, however further investigation and monitoring would be required to 
make detailed conclusions on the bypass at this site. Based on the results in this report, 
it is recommended that additional permeable surface area should be added to GI sites 
when feasible because the treatment train system is successful at managing runoff, with 
the most significant reduction attributed to the additional infiltration capacity.  
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Appendix 
a). Calibration Equations for each PT: 
Pressure Transducer Equation 
Flume_NW y = 1.0092x + 0.0117 
Flume_SE y = 1.0251x + 0.0124 
Flume_SW y = 0.9942x + 0.0158 
Weir y = 1.0064x + 0.01 
Piezo_S1 y = 1.0241x + 0.0194 
Piezo_S2 y = 1.0338x + 0.0189 
Piezo_S3 y = 1.0453x + 0.0104 
Well_S y = 1.0276x + 0.0154 
Piezo_Mid1 y = 1.0219x + 0.0208 
Piezo_Mid3 y = 1.1008x + 0.007 
Well_Mid y = 1.0065x + 0.0166 
Piezo_N1 y = 1.0345x + 0.0161 
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b). Precipitation characteristics for all observed events 
Event 
# Start Timestamp Stop Timestamp 
Duration 
(hr) 
Total 
Precip 
(mm) 
Average 
Intensity 
(mm/hr) 
Peak 
Intensity 
(mm/hr) 
1 4/9/2015 22:20 4/10/2015 3:25 5.17 2.54 0.49 6.10 
2 4/17/2015 3:55 4/17/2015 3:55 4.67 2.03 0.44 3.05 
3 4/20/2015 6:50 4/20/2015 14:40 7.92 35.05 4.43 15.24 
4 4/20/2015 23:25 4/21/2015 8:20 9.00 5.08 0.56 6.10 
5 4/22/2015 14:55 4/22/2015 18:00 3.17 1.02 0.32 3.05 
6 5/15/2015 10:50 5/15/2015 12:15 1.50 0.76 0.51 6.10 
7 5/16/2015 2:10 5/16/2015 2:10 0.08 0.25 3.06 3.05 
8 5/16/2015 7:30 5/16/2015 8:10 0.75 2.29 3.05 15.24 
9 5/16/2015 21:00 5/17/2015 2:10 5.25 3.56 0.68 6.10 
10 5/19/2015 1:55 5/19/2015 4:30 2.67 0.51 0.19 3.05 
11 5/19/2015 7:30 5/19/2015 7:30 0.08 0.25 3.06 3.05 
12 5/27/2015 18:20 5/27/2015 21:25 3.17 2.54 0.80 3.05 
13 5/31/2015 15:35 6/1/2015 10:30 19.00 54.10 2.85 45.72 
14 6/1/2015 18:35 6/2/2015 8:25 13.92 5.59 0.40 6.10 
15 6/2/2015 13:35 6/2/2015 20:55 7.42 5.33 0.72 6.10 
16 6/5/2015 13:40 6/5/2015 13:55 0.33 1.02 3.05 6.10 
17 6/6/2015 4:00 6/6/2015 7:45 3.83 3.81 0.99 9.14 
18 6/8/2015 9:05 6/8/2015 9:05 0.08 0.25 3.06 3.05 
19 6/8/2015 23:05 6/9/2015 0:05 1.08 0.51 0.47 3.05 
20 6/9/2015 14:20 6/9/2015 14:20 0.08 0.51 6.12 6.10 
21 6/14/2015 21:30 6/15/2015 4:25 7.00 21.08 3.01 51.82 
22 6/15/2015 11:45 6/15/2015 11:45 0.08 0.25 3.06 3.05 
23 6/16/2015 13:15 6/16/2015 16:35 3.42 16.76 4.91 45.72 
24 6/16/2015 22:50 6/16/2015 22:50 0.08 0.25 3.06 3.05 
25 6/20/2015 12:15 6/20/2015 12:20 0.17 0.51 3.04 3.05 
26 6/20/2015 20:20 6/20/2015 20:20 0.08 0.25 3.06 3.05 
27 6/21/2015 0:35 6/21/2015 5:35 5.08 9.65 1.90 15.24 
28 6/21/2015 16:40 6/21/2015 17:10 0.58 3.05 5.23 21.23 
29 6/23/2015 18:30 6/23/2015 18:30 0.08 0.25 3.06 3.05 
30 6/24/2015 1:15 6/24/2015 1:15 0.08 0.25 3.06 3.05 
31 6/27/2015 15:00 6/28/2015 5:30 14.58 36.32 2.49 9.14 
32 6/28/2015 12:25 6/28/2015 12:25 0.08 0.25 3.06 3.05 
33 7/1/2015 3:35 7/1/2015 4:00 0.50 11.94 23.88 88.39 
34 7/7/2015 16:40 7/7/2015 16:50 0.25 1.02 4.06 6.10 
35 7/9/2015 7:40 7/9/2015 8:20 0.75 0.51 0.68 3.05 
36 7/9/2015 19:35 7/9/2015 22:05 2.58 7.87 3.05 9.14 
37 7/10/2015 7:45 7/10/2015 7:45 0.08 0.25 3.06 3.05 
38 7/14/2015 12:10 7/14/2015 13:55 1.83 29.97 16.35 21.34 
39 7/18/2015 7:05 7/18/2015 8:05 1.08 8.13 7.51 27.43 
40 7/27/2015 2:15 7/27/2015 4:00 1.83 5.84 3.19 24.38 
41 7/30/2015 8:10 7/30/2015 16:00 8.92 40.89 4.59 85.34 
42 8/4/2015 2:50 8/4/2015 3:25 0.67 7.11 10.66 48.77 
43 8/11/2015 3:30 8/11/2015 9:50 6.42 26.16 4.08 24.38 
44 8/11/2015 18:35 8/11/2015 18:50 0.33 3.05 9.15 15.24 
45 8/18/2015 5:30 8/18/2015 5:35 0.17 0.51 3.04 3.05 
46 8/21/2015 0:40 8/21/2015 3:40 3.08 8.64 2.80 18.29 
47 9/10/2015 0:30 9/10/2015 8:50 8.42 24.89 2.96 33.53 
48 9/10/2015 14:15 9/10/2015 22:35 8.42 31.75 3.77 33.53 
49 9/12/2015 17:30 9/12/2015 23:35 6.17 5.33 0.86 15.24 
50 9/29/2015 21:35 9/30/2015 6:40 9.17 28.96 3.16 76.20 
51 10/1/2015 17:20 10/1/2015 19:50 2.58 1.78 0.69 3.05 
52 10/2/2015 3:45 10/3/2015 3:25 23.75 30.73 1.29 6.10 
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c). Inflow & Response for all events with fluctuations in ponding/piezometric head  
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